Abstract. The Golinsky site is a small underground copper mine complex consisting of abandoned mine workings and remnants of smelter operations located on a steep hillside above Little Backbone Creek, a tributary to Lake Shasta. The mine pool is typical acidic mining influenced water (MIW) with a pH of 2.5 to 4 containing heavy metals including Fe, Al, Cu, Zn, Cd, and Mn. The US Forest Service committed to a bench and pilot scale testing program to demonstrate that the SRBR technology would work at the remote site and reduce metal loading on Lake Shasta.
Introduction
The Golinsky Mine is an abandoned underground base metal mine near Lake Shasta, located in Shasta County, California in the Shasta-Trinity National Forest (Fig. 1) . The mine was last active in the early part of the 20 th century (SHN, 2004) when Cu and Zn and minor amounts of the precious metals were recovered. The mine and an associated milling/smelting complex are in rugged, mountainous terrain. While active, the mine was accessible by a narrow gauge railway that hugged the steep hillside above Little Backbone Creek. The mine was reportedly closed in 1937 when the site's accessibility was severely restricted as a result of the construction of a nearby dam on the Sacramento River (Kinkel et al., 1956) . Today, the site can only be reached by boat, about a threemile (4.8 km) trip from either of two boat launch sites. The mine complex is about a two-mile (3.2 km) hike from the landing site in Little Backbone Bay. The mine complex is at an elevation of 1800
ft. (549 m); the shoreline of Lake Shasta is at an elevation of about 980 ft. (300 m). The challenging access issues at this site were discussed in a previous ASMR paper (Gusek et al, 2005) . The geochemistry of the Golinsky Mine ore was dominated by sulfide mineralization, including pyrite. This lead to the inevitable production of acidic mining influenced water (MIW) from three adits, two of which have concrete bulkheads. After the installation of a buried pipeline that terminates in the vicinity of the limestone quarry ( Fig. 1) , the bulkhead valves were opened so that a mine pool no longer develops behind them. It is noteworthy that the chemistry of the MIW from the third, un-bulkheaded adit has improved since this site management measure was implemented in late
2006. This observation supports an earlier hypothesis (SHN 2004 ) that MIW from the bulkheaded adits was mixing with the otherwise clean water that may have discharged historically from the third adit prior to the bulkheads' construction. The bulkheaded adit's MIW chemistry had a pH of 2.5 to 4 and contains heavy metals including iron, aluminum, copper, zinc, cadmium, and manganese.
In late 2003, Region 5 of the U.S.D.A. Forest Service elected to investigate methods of treating and discharging the main Golinsky MIW and potentially treating the MIW discharging from the third adit if necessary. These measures would help to protect Little Backbone Creek, which is a tributary to Lake Shasta. Due to the site's inaccessibility and total lack of infrastructure; i.e., no power, passive treatment methods were viewed as especially attractive.
Operational and Analytical Results
The primary purpose of this paper is to share performance data from a 27-month long pilot treatability test of a sulfate reducing bioreactor (SRBR) (see Fig. 2 Gusek, et al. (2005) . MIW flow to the cell commenced in early August, 2004 at a rate of 3.8 L/min (1 gpm). This was the target flow rate for the next 26 months; the cell was decommissioned and dismantled in October, 2006. The pilot test system was typically sampled on a monthly schedule, weather permitting; 33 sampling events were completed during the course of the study. Due to operational difficulties associated with a temporary one-inch (25.4mm) diameter MIW delivery pipeline and the commissioning and operation of a permanent sixinch (152 mm) diameter buried pipeline, the target flow rate was sometimes difficult to maintain precisely.
The average flow for the entire study period was 3.4 L/min (0.9 gpm). Flows were measured using a bucket and stopwatch. The flow rate was only measured during field visits and flow was assumed to be constant between field measurements. Flows and pH data are provided in Fig. 3 . While the plotted data throughout the paper is displayed connected by lines may suggest trends, the continuity of data is not inferred due to the infrequency of sampling events necessitated by the restricted access to the site.
The pH of the pilot cell influent ranged from 2.1 to 4.2 and effluent ranged from 6.4 to 7.8. The consistently circum-neutral effluent pH is a good indication that the buffering capacity of the SRBRs substrate was never exceeded. Lab analysis performed for the organic media characterization after decommissioning also demonstrated that the majority of the buffering capacity contained in the limestone fraction of the organic media was undiminished after 26 months of operation. 
Combined Heavy Metals Removal
The combined heavy metals removal percentage (Fig. 4) Because of residual alkalinity typically present in SRBR effluent, residual iron that may have evaded sequestration in the SRBR can be readily removed aerobically in an aeration channel.
The average influent Al concentration ( From startup through decommissioning, the maximum influent concentration was 52 mg/L and minimum influent concentration was 7.6 mg/L. Details and results of these four phases follow. Values in BOLD exceed the CMC and the CCC.
Cr present in site water was conservatively assumed to be Cr (VI) which has a more stringent standard.
Values in Bold Italics exceed the CCC only.
Phase 1 -Field One-Liter Batch Tests
The initial mixing tests were conducted at the Golinsky bioreactor in 1-liter containers and allowed to mix for a two hour period. Temperature, pH, oxidation-reduction potential (ORP), and conductivity were measured at 0, 15, 30, 60, and 120 minutes after mixing. Copper concentration and alkalinity were measured with Hach kits after 120 minutes. After 120 minutes, a dissolved, nitric-preserved, 50 mL decant sample was collected for ICP-AES analysis at the Colorado School of Mines Geochemistry Laboratory in Golden, CO. Summary laboratory results are provided in Table   2 and field parameters are provided in Table 3 . The following ratios were mixed: Once again, field parameters (temperature, pH, ORP, conductivity), Cu, and alkalinity were measured. For field expediency and to simulate conditions in a mixing/settling pond effluent, decanted samples were collected for total and dissolved analysis after 18 and 24 hours. The amount of settled sludge was also recorded. Summary laboratory results are provided in Table 4 and field parameters are provided in Table 5 . * Alkalinity measurements were conducted at 18 and 24 hours only.
The dissolved Cu results for the 1EF:1IN mixture were similar to the 1-liter batch test results and indicate that no additional benefit was derived from the longer Phase 2 mixing time. The 1EF:1.5IN results in Table 4 provide a more credible zinc concentration than the Phase 1 (1-L) 1EF:1.5IN Zn result of 14 mg/L as shown in Table 2 . The 76-L 1EF:1IN zinc concentrations, all of which are approximately 5 mg/L, fit the trend of the 1-L results (Table 2) The amount of sludge that precipitated in the 76-L batch tests was not enough to be measured in the field. Consequently, sludge volume analysis was completed in Golder's laboratory, as described below.
Phase 3-Laboratory Sludge Volume Determination
The sludge determination was performed at Golder's Water Treatment Laboratory in Lakewood, CO. Sludge volumes were determined for the 1EF:1IN and 1EF:1.5IN mixtures using one-liter Imhoff cones. After 24 hours, a wet sludge volume was recorded and the mixtures were filtered through Whatman #40 filters. The filters were placed in a drying oven overnight and weighed the next day to determine a dry sludge mass.
The 1EF:1IN solution generated 7 milliliters of wet sludge and 0.024 grams per liter of dry sludge. The 1EF:1.5IN solution generated 2.5 milliliters of wet sludge and 0.029 grams per liter of dry sludge. Based on these results, an appropriate sludge generation rate will be incorporated into future passive treatment mixing/settling pond designs at the site.
Phase 4-Laboratory MetPLATE™ Toxicity Testing.
Toxicity testing was conducted in a US Geological Survey Laboratory in Denver, Colorado to provide another basis of comparison for the mixing solutions. The goal of the testing was to determine the toxicity of mixing ratios relative to the toxicity of raw SRBR effluent. Aside from outright metals removal, bioreactor treatment decreases metal toxicity by increasing hardness, organic matter, and alkalinity.
The trend toward using the Biotic Ligand Model (BLM) in biological assessments is gaining regulatory acceptance (USEPA 2003) . However, the model has difficulty assessing the cumulative impacts of multiple metals in a given MIW. The MetPLATE TM method avoids this difficulty by directly testing the MIW, and has proven to be faster, more cost-effective, and it requires less manual labor than traditional methods using other aquatic toxicity testing organisms (e.g., Whole
Effluent Toxicity [WET]), so it was used in the evaluation. The MetPLATE™ inhibition bioassay test methods have been adapted from Bitton (1994) and recently evaluated by Blumenstein (2006) ; for the sake of economy and project schedule, the bioassay technique was used in place of WET testing.
The MetPLATE™ bioassay measures the inhibition of the β-galactosidase hydrolase enzyme when Escherichia coli (E. coli) bacteria come into contact with heavy metal (such as Zn and Cu) contaminated waters. When the E. coli are healthy, there will be high β-galactosidase enzyme activity and high absorbance readings. Conversely, when there are metals present in the sample water, the E. coli will be unhealthy and there will be low β-galactosidase enzyme activity, resulting in lower absorbance readings. The MetPLATE™ bioassay was used to assess the health of aquatic organisms that had been exposed to different mixing ratios of SRBR effluent water and untreated MIW. A detailed assessment of this part of the study may be addressed in a future paper. For completeness, the mathematically-based BLM was first used to estimate impacts from Cu, Zn, and
Cd in the Golinsky MIW combined in various ratios of SRBR effluent. The results suggested that 2 EF: 1IN mixing ratio would provide a net system effluent that would pass the BLM criterion for Cu and Zn but not for Cd. This is considered a relatively dilute ratio when compared to 1EF:1IN.
The data shown in Fig. 8 Fig. 8 might be even less in a full scale treatment system with or without a mixing unit.
Pilot Test Performance Summary
The pilot cell performance was consistent with SRBR cell performance at other mining sites with similar MIW chemistry. Key system performance observations include:
 The system was operated virtually unattended at steady-state without any upset conditions.
 The flow-driven concentrations of metals observed during pilot operation were similar to what were previously documented at the site (SHN, 2004) . Concentrations of iron, Al, Cu, Zn, and Cd are greatest during the rainy, high-flow winter months and decrease in the lowflow summer months.
 The concentration of metals present in the pilot cell influent decreased over the course of the test. In the example of iron, the average influent concentrations for the first 12 months of  Mixing study results suggest that the 1EF:1IN mixing ratio meets the applicable water quality standards for Cu and Zn at the Golinsky site.
 Toxicity testing results suggest that an effluent to influent ratio of 2EF:1IN would likely meet Biotic Ligand Model derived standards and produce and effluent of comparable toxicity to raw SRBR effluent.
Conclusions
The implementation of a sulfate reducing bioreactor system with a by-pass/mixing component at the Golinsky site was included in a conceptual design developed for a supplemental engineering evaluation/cost estimate (Golder 2007) . Subsequent design efforts of a Phase 1 module for treating a portion of the Golinsky MIW are underway and they too include a by-pass mixing pond. The treatment design approach has included bench, pilot, and laboratory scale testing and the authors
